Yeast Prx1 is a mitochondrial 1-Cys peroxiredoxin that catalyzes the reduction of endogenously generated H 2 O 2 . Prx1 is synthesized on cytosolic ribosomes as a preprotein with a cleavable N-terminal presequence that is the mitochondrial targeting signal, but the mechanisms underlying Prx1 distribution to distinct mitochondrial subcompartments are unknown. Here, we provide direct evidence of the following dual mitochondrial localization of Prx1: a soluble form in the intermembrane space and a form in the matrix weakly associated with the inner mitochondrial membrane. We show that Prx1 sorting into the intermembrane space likely involves the release of the protein precursor within the lipid bilayer of the inner membrane, followed by cleavage by the inner membrane peptidase. We also found that during its import into the matrix compartment, Prx1 is sequentially cleaved by mitochondrial processing peptidase and then by octapeptidyl aminopeptidase 1 (Oct1). Oct1 cleaved eight amino acid residues from the N-terminal region of Prx1 inside the matrix, without interfering with its peroxidase activity in vitro. Remarkably, the processing of peroxiredoxin (Prx) proteins by Oct1 appears to be an evolutionarily conserved process because yeast Oct1 could cleave the human mitochondrial peroxiredoxin Prx3 when expressed in Saccharomyces cerevisiae. Altogether, the processing of peroxiredoxins by Imp2 or Oct1 likely represents systems that control the localization of Prxs into distinct compartments and thereby contribute to various mitochondrial redox processes.
Yeast Prx1 is a mitochondrial 1-Cys peroxiredoxin that catalyzes the reduction of endogenously generated H 2 O 2 . Prx1 is synthesized on cytosolic ribosomes as a preprotein with a cleavable N-terminal presequence that is the mitochondrial targeting signal, but the mechanisms underlying Prx1 distribution to distinct mitochondrial subcompartments are unknown. Here, we provide direct evidence of the following dual mitochondrial localization of Prx1: a soluble form in the intermembrane space and a form in the matrix weakly associated with the inner mitochondrial membrane. We show that Prx1 sorting into the intermembrane space likely involves the release of the protein precursor within the lipid bilayer of the inner membrane, followed by cleavage by the inner membrane peptidase. We also found that during its import into the matrix compartment, Prx1 is sequentially cleaved by mitochondrial processing peptidase and then by octapeptidyl aminopeptidase 1 (Oct1). Oct1 cleaved eight amino acid residues from the N-terminal region of Prx1 inside the matrix, without interfering with its peroxidase activity in vitro. Remarkably, the processing of peroxiredoxin (Prx) proteins by Oct1 appears to be an evolutionarily conserved process because yeast Oct1 could cleave the human mitochondrial peroxiredoxin Prx3 when expressed in Saccharomyces cerevisiae. Altogether, the processing of peroxiredoxins by Imp2 or Oct1 likely represents systems that control the localization of Prxs into distinct compartments and thereby contribute to various mitochondrial redox processes.
The mitochondrion is the home of several redox processes that are confined into distinct subcompartments. The two lipid membranes that spatially define this organelle are required to create enclosed compartments that provide specialized spaces with the appropriate conditions for some of its functions. For instance, processes, such as the Krebs cycle, mitochondrial DNA (mtDNA) replication, and protein synthesis, occur in the matrix, whereas the more oxidizing environment of the intermembrane space is appropriate for disulfide bond formation (1, 2) . Therefore, mitochondrial protein import into these distinct compartments should be precisely regulated (3) .
Distinct redox processes located in distinct mitochondrial subcompartments can generate superoxide radicals by the monoelectronic reduction of O 2 , which can then be dismutated into H 2 O 2 and O 2 . The leakage of electrons in the respiratory chain is the best-studied process of mitochondrial ROS (mROS) 4 generation, but it is currently clear that the superoxide radicals and H 2 O 2 are also generated by other processes in the mitochondria (4, 5) .
The increased production of mROS can cause wide-ranging damage to macromolecules, which can result in mitochondrial dysfunction and eventually cell death. In addition to these deleterious effects, mROS are currently known to play roles as signaling molecules in processes, such as immunity, differentiation, and autophagy (6) . Therefore, the levels of mROS are tightly controlled, and peroxidases play regulatory roles by decreasing the steady-state levels of H 2 O 2 within the mitochondria (7) .
Peroxiredoxin (Prx) enzymes are frequently found in the mitochondria and are extremely effective at scavenging peroxides (7) (8) (9) . These thiol-dependent peroxidases reduce peroxides using a fully conserved Cys residue, designated the "peroxidatic" Cys (C P ). All Prxs share the first step in the catalytic cycle in which peroxides oxidize the C P -S Ϫ to cysteine sulfenic acid (C P -SOH). The next step in the catalytic cycle varies, depending on the number of the catalytic Cys residues. In 2-Cys Prxs, the sulfenic acid undergoes a condensation reaction with a second conserved Cys residue, named the "resolving" Cys (C R ), and forms an intermolecular or intramolecular disulfide bond. In most cases, this disulfide is subsequently reduced by thioredoxin (Trx) (10) . In contrast, 1-Cys Prxs do not have a C R , and the sulfenic acid is directly reduced by a thiol-disulfide oxidoreductase (Trx or glutaredoxin (Grx)) or low-molecularweight reductants (glutathione or ascorbate) (11) . Remarkably, the type of Prx (1-Cys or 2-Cys) present at the mitochondria of distinct organisms is not conserved. For instance, although the yeast mitochondria contain a 1-Cys Prx (Prx1), mammalian mitochondria contain two types of 2-Cys Prxs (Prx3 and Prx5). Although their relevance in controlling the levels of H 2 O 2 is well established (7) , not much is known about the mechanisms by which they are sorted into the distinct mitochondrial subcompartments.
Thiol-dependent peroxidases such as Prx and glutathione peroxidase can mediate H 2 O 2 signaling by the so-called protein-oxidation relay mechanism (12) . For instance, Yap1 is a transcription factor that is redox-regulated in yeast in a process mediated by Gpx3/Orp1 (13) . Similarly, the transcription factor STAT3 is activated by oxidation in mammalian cells in a process mediated by Prx2 (14) . So far, no protein oxidation relay mechanism was described in mitochondria. Notably, through an alternative mechanism, H 2 O 2 can also transduce signal by regulating the import of proteins into mitochondria through a process that involves hyperoxidation of mammalian Prx3 (15) .
Among the five Prxs from Saccharomyces cerevisiae, Prx1 is the only one that is located in the mitochondria (16) . The mechanism by which Prx1 is reduced remains controversial. Glutaredoxin 2 (Grx2), thioredoxin 3 (Trx3), thioredoxin reductase 2 (Trr2), and ascorbate have been proposed as possible reductants (16 -20) . As several genes encoding mitochondrial proteins, PRX1 gene is under catabolic repression by glucose (21) . Even under fermentative conditions, ⌬PRX1 strain displays increased sensitivity to oxidative insults (16, 19) . Furthermore, ⌬PRX1 is sensitive to Ca 2ϩ -induced inner mitochondrial membrane permeabilization (22) . Therefore, although yeast contains eight thiol peroxidases and two catalases, phenotypes can still be associated with the single ⌬PRX1 mutant.
Prx1 mRNA is translated on cytosolic ribosomes as a nucleus-encoded mitochondrial precursor protein and contains a cleavable N-terminal extension that is termed presequence (16) . The presequence is predicted to direct the import of nearly all mitochondrial matrix proteins and a small number of inner membrane and intermembrane space proteins (23) . Presequences in precursor proteins are recognized sequentially by the translocase of the outer membrane (TOM complex) and translocase of the inner membrane (TIM23 complex), which are located in the outer and inner membranes, respectively (23) (24) (25) . In the matrix, the presequences are proteolytically removed by the matrix-located mitochondrial processing peptidase (MPP) (26) .
A global mass spectrometric analysis of mature mitochondrial N termini in the yeast mitochondrial proteome enabled the determination of the R-2 consensus motif (Arg-Xaa-Xaa) as the predominant MPP cleavage site that separates the presequence from the mature portion of the mitochondrial proteins (27, 28) . Notably, a systematic profiling of the cleavage motifs revealed that several mitochondrial proteins can undergo a second proteolytic event after the MPP digestion. For instance, the Icp55 and Oct1 proteases remove one or eight (octapeptide) amino acid residues, respectively, from the precursor protein intermediates that are processed by MPP (27) (28) (29) (30) . The function of the MPP/Oct1 (or Icp55) double digestion remains elusive. Nevertheless, the double digestion provides increased stability to some of the Oct1 (or Icp55) targets in the matrix compartment in comparison with the single digestion by MPP (27) (28) (29) (30) .
As an alternative pathway, some precursor proteins are processed by the inner membrane peptidase (IMP complex), resulting in their sorting to the intermembrane space. The IMP complex is localized in the mitochondrial inner membrane and contains two proteolytically active subunits, Imp1 and Imp2, and the auxiliary protein Som1 (31, 32) . During the import by the TIM23 complex, the hydrophobic signal of the precursor protein is arrested at the inner membrane and laterally integrated into the lipid bilayer. Then, the catalytic subunits Imp1 and Imp2 cleave the hydrophobic sorting signals present after the presequence of the precursor proteins (28, 30) , which releases the processed protein into the intermembrane space (33, 34) .
In this study, we characterized the mitochondrial import pathway of yeast Prx1, Trr2, and Trx3, which were implicated in the reduction of this peroxidase. These three proteins co-localized in the mitochondrial matrix compartment and were loosely associated with the inner membrane facing the matrix. In addition, Prx1 displayed a dual localization and was also present in the mitochondrial intermembrane space, likely in its soluble form. The Prx1 import mechanism to the intermembrane space probably involves the release of the Prx1 preprotein within the lipid phase of the inner membrane during the translocation by the TIM23 complex. Then, Imp2 cleaves the hydrophobic signal of Prx1, thereby releasing the mature protein into the intermembrane space. Alternatively, the Prx1 import into the matrix involves hydrolysis by MPP and Oct1. Remarkably, the processing of Prxs by Oct1 appears to be an evolutionarily conserved process as the yeast Oct1 cleaved the human mitochondrial peroxiredoxin Prx3 that was expressed in S. cerevisiae.
Results

Intramitochondrial localization of Trr2, Trx3, and Prx1
Trr2, Trx3, and Prx1 are synthesized as precursor proteins on cytosolic ribosomes and subsequently imported into the mitochondria (16, 35) . We investigated the mechanisms underlying the import and intramitochondrial sorting to obtain insights regarding the roles of these proteins in redox homeostasis. Initially, the presence of Trr2, Trx3, and Prx1 in crude mitochondrial fractions was ascertained by an immunoblotting analysis (Fig. 1A, lane 2) . Because this crude mitochondrial preparation presented contamination by vacuoles, endoplasmic reticulum, cytosol, and endosome proteins, further processing through a three-step sucrose density gradient was performed. This additional purification step generated a highly pure mitochondrial fraction (Fig. 1A, lane 3) . The Trr2, Trx3, and Prx1 proteins displayed a porin-like fractioning profile (Fig.  1A, lane 3) , as described previously (16, 35) .
Dual mitochondrial localization of Prx1
To determine the intramitochondrial localization of the Trr2, Trx3, and Prx1 proteins, we performed a subfractionation protocol with the highly pure mitochondria preparation. The outer membrane of the purified mitochondria was disrupted by incubation in a hypotonic buffer, which generated the so-called mitoplasts, i.e. mitochondria devoid of outer membrane. In parallel, both the mitochondria and mitoplast were treated with proteinase K. In whole mitochondria, proteinase K can only digest proteins that are associated with the surface of the outer membrane, although in mitoplasts, the proteinase K can digest proteins in the intermembrane space and those associated with the surface of the inner membrane that faces the intermembrane space (36) . Finally, both the mitochondria and mitoplasts that were incubated in the presence or absence of proteinase K , and highly pure mitochondrial fractions (lane 3) from BY4741 strain were analyzed by Western blotting using antibodies against markers for distinct cellular compartments as described on the right side of the gel. B, mitochondria were converted into mitoplasts by hypotonic shock (swelling). Equivalent amounts of mitochondria (Mt) and mitoplasts (Mp) were incubated in the presence or absence of 0.1 mg/ml proteinase K (Prot. K). Specific antibody markers are as follows: ␣-ketoglutarate dehydrogenase (␣-KGD, a soluble matrix protein); Sco1 (an inner membrane protein that faces the intermembrane space); and cytochrome b 2 (a soluble intermembrane protein). C, highly pure mitochondria (Mit, lane 1) were sonicated and separated into the soluble protein fraction (S, lane 2) and submitochondrial membranes fraction (SMP, lane 3). SMP fractions were then treated with 100 mM Na 2 CO 3 and centrifuged to obtain the soluble (carbonate supernatant, CS, lane 4) and the insoluble (carbonate precipitate, CP, lane 5) fractions. Proteins from these different fractions were analyzed by Western blotting. D, mitochondria were initially converted into mitoplasts (hypotonic shock), followed by a centrifugation to separate the mitoplasts (pellet) from the supernatant (corresponding to the intermembrane space proteins). Both fractions were treated for 1 h with proteinase K (0.2 mg/ml) in the absence or presence of nonionic detergent Triton X-100 (0.5% v/v). E, recombinant Prx1 proteins (Prx1K39 and Prx1F31, representing the enzymes that were processed and unprocessed by Oct1, respectively) were incubated with proteinase K (0.2 mg/ml) in the absence or presence of Triton X-100 (0.5% v/v). These results are representative of at least two independent biological replicates, each one in two technical replicates.
were centrifuged, and equivalent samples of mitochondria and mitoplasts were analyzed by immunoblotting.
The efficient conversion of the mitochondria to mitoplasts by hypotonic shock (swelling) was evident by the substantial loss of the soluble intermembrane space marker cytochrome b 2 (Fig. 1B, lanes 3 and 4) (37) . This finding is also supported by the decreased levels of Sco1, which is an inner membrane protein that faces the intermembrane space (38) , as a result of the proteinase K treatment of the mitoplasts but not the mitochondria (Fig. 1B , compare lane 2 with lane 4). Finally, the matrix protein ␣-ketoglutarate dehydrogenase (␣-KGD) (39) was protected against proteinase K in the mitochondria and mitoplasts, which confirmed the integrity of the inner membrane in the mitoplasts (Fig. 1B, lanes 1-4) . Similar to the ␣-KGD protein profile, Trr2, Trx3, and Prx1 were protected from the digestion in the mitochondria and mitoplasts, indicating their matrix compartment localization (Fig. 1B, lanes 1-4) .
We then investigated the solubility of Prx1, Trx3, and Trr2 in the matrix compartment. Therefore, we sonicated the mitochondria and centrifuged the obtained extract, which resulted in a soluble protein fraction, and the compartmentalized membranous product, called submitochondrial particle (SMP) (Fig. 1C , lanes 2 and 3). The SMP fraction was then alkali-treated with sodium carbonate (Na 2 CO 3 ) and centrifuged, resulting in carbonate supernatant and carbonate-precipitated fractions (Fig. 1C , lanes 4 and 5) (36). Trr2, Trx3, and Prx1 were mainly detected in the SMP, indicating that these proteins are associated with the mitochondrial membranes (Fig. 1C, lane 3) . All of these proteins, however, were solubilized when mitochondria were treated with sodium carbonate, indicating that they are peripheral membrane proteins (Fig. 1C,  lane 4) . A different profile was observed for porin, which is an integral mitochondrial membrane protein that is not released from mitochondrial membranes by alkali treatment with sodium carbonate (Fig. 1C , lane 5) (36) .
Surprisingly, sonic disruption of mitochondria resulted in only partial recovery of ␣-KGD, a marker for soluble matrix protein (39) , in the soluble protein fraction with a significant portion in the SMP fraction (Fig. 1C, lanes 2 and 3) . This unexpected result might be due to slight variations in the sonication parameters that can affect the formation of the pelleted SMP vesicle's (40) soluble matrix material. In fact, previous results from our group using similar sonication conditions also displayed a partial recovery of ␣-KGD in the SMP fraction (41) . Taken together, our results indicated that Trr2, Trx3, and Prx1 proteins are peripherally attached to the mitochondrial inner membrane, facing the matrix side.
We also analyzed the supernatants obtained after each step in the mitochondrial subfractionation. As expected, the intermembrane space marker Cyt.b 2 was detected only in the supernatants of the mitoplasts that were not treated with proteinase K (Fig. 1D , lanes 5 and 7, and supplemental Fig. S1A, lane 7) ; and the matrix marker ␣-KGD was not detected in the supernatant (supplemental Fig. S1A ), which again demonstrated the mitochondrial inner membrane integrity. Unexpectedly, Prx1 was also detected in the mitoplast-derived supernatant (Fig. 1D , lanes 5 and 7, and supplemental Fig. S1A, lane 7) , which provided direct evidence for the dual mitochondrial distribution of this protein (matrix and the intermembrane space). This finding will be further analyzed below.
However, in contrast to Cyt.b 2 , Prx1 was resistant against proteolytic degradation (supplemental Fig. S1A , lane 8) at the standard proteinase K concentration (0.1 mg/ml) employed in this study. Doubling proteinase K concentration (0.2 mg/ml) was sufficient to enable Prx1 digestion (Fig. 1D, lane 6 ), independently of non-ionic detergent Triton X-100 treatment (Fig.  1D, lane 8) . Surprisingly, the incubation of mitoplasts with Triton X-100 led to the appearance of a faster migration Prx1 band, whose meaning is currently unknown (Fig. 1D, lanes 3 and 4) .
We also investigated the digestion of recombinant Prx1 to proteinase K, analyzing two isoforms (recombinant Prx1F31 and Prx1K39, representing the processed and unprocessed forms of Prx1 by Oct1 protease, as is discussed below). Both of them were efficiently degraded by proteinase K in the presence or absence of Triton X-100 (Fig. 1F) . Taken together, these results indicated that Prx1 is less efficiently degraded by proteinase K in comparison with Cyt.b 2 . Nevertheless, at 0.2 mg/ml concentration, proteinase K treatment could fully digest Prx1 in the supernatant (corresponding to the intermembrane space) fraction (Fig. 1D, lanes 6 and 8) but not in the pellet compartment (Fig. 1D, lane 4) . Further evidence for the Prx1 localization on the intermembrane space will be presented below.
Mitochondrial import of Prx1 involves cleavage by three peptidases, MPP, Oct1, and Imp2
Previously, it was hypothesized that the mature protein Prx1 could be processed by the protease MPP with a predicted cleavage site between amino acids 21 and 22 (16) . Subsequently, a global analysis of mature mitochondrial N termini in yeast by mass spectrometry enabled the identification of the following two peptidases that act on Prx1: MPP and Oct1 (27) . Accordingly, Prx1 is initially cleaved by MPP between amino acids 30 and 31, and then Oct1 removes the next eight amino acids from the Prx1 N terminus. Thus, in its mature form, Prx1 starts at lysine 39 (Lys-39) of the precursor protein ( Fig. 2A) .
To confirm that Prx1 is an Oct1 substrate, a Western blot analysis was performed with yeast cell extracts in which the OCT1 gene was deleted (⌬OCT1). Prx1 from the ⌬OCT1 strain exhibited a slightly slower migrating band than the corresponding band from the WT strain (Fig. 2B, compare lane 1 with 2) , indicating a higher molecular weight and the proteolysis of Prx1 by Oct1. The full sequence of Prx1 contains three Cys residues at positions 6, 38, and 91. Therefore, the Cys-6 residue is removed as a part of the proteolysis by MPP. Then, the Cys-38 residue is removed through proteolysis by Oct1 (Fig. 2A) . However, Cys-38 was reported to be involved in an intermolecular disulfide bond in vivo (19) , which could represent an immature form of this peroxidase. In any case, Cys-91 that is the C P residue remains in the mature protein after the MPP and Oct1 double digestion. Mutant versions of Prx1, in which Cys-38 and Cys-91 were individually replaced by Ser (C38S and C91S mutants), were digested to the same extent by Oct1 as the wildtype protein (Fig. 2B, compare lanes 3 and 4 with lane 1) , suggesting that these Cys residues do not affect the proteolysis by Oct1. However, other steps in the Prx1 import into the mitoDual mitochondrial localization of Prx1 (27) . Cysteines present in the Prx1 presequence are highlighted in bold. B, total cell-free extracts from the wild type (WT, BY4741), OCT1 null mutant (⌬OCT1), and PRX1 null mutant expressing cysteine mutant versions of PRX1 (PRX1C38S and PRX1C91S) were analyzed by Western blotting. C, intramitochondrial localization of Prx1 in the wild-type and ⌬OCT1 mitochondria (Mt). Mp, mitoplasts. Mitochondria isolated from cells grown on YPGal were processed according to legend of Fig. 1B . D, mass spectrometry analysis of C-terminal His-tagged Prx1 present in the matrix fraction. C-terminal His-tagged Prx1 expressed in the ⌬PRX1 strain was purified by nickel affinity chromatography. The obtained mass was 26,233.57, which was consistent with the incorporation of two oxygen atoms to the Prx1 polypeptide. The inset depicts the corresponding reverse phase chromatogram. The red and black lines correspond to UV chromatogram at 280 and 254 nm, respectively. The scheme at the right side of the mass spectrum represents the cleavage site. These results are representative of at least two independent biological replicates, each one in two technical replicates. See Table 2 for strains and genotypes.
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chondria might be affected by the Cys-38 replacement, for example the formation of a mixed disulfide intermediate with another protein.
To confirm whether Cys-38 is removed during Oct1 proteolysis, we purified Prx1 from the matrix compartment and analyzed its molecular mass by mass spectrometry. The calculated mass for an isoform of a C-terminally His-tagged Prx1 starting at Lys-39 is 26,201.57, which is consistent with the mass obtained (26,233.57) in the mass spectrometry analysis (Fig.  2D) . The additional 32 atomic mass units likely reflected the incorporation of two oxygen atoms due to an unexpected oxidation. Thus, the Prx1 that is sorted into matrix indeed starts at Lys-39.
The OCT1 deletion did not affect the mitochondrial import of Prx1 into the matrix (Fig. 2C ). Based on a global analysis of the mature mitochondrial N termini in yeast, the Trr2 and Trx3 proteins are not cleaved by Oct1 (27) , and as expected, these proteins did not show differences in the molecular sizes between the WT and ⌬OCT1 strains (Fig. 2C) .
As mentioned above, our data indicated that Prx1 is present in both the matrix and the intermembrane space. Therefore, to investigate the mechanism by which Prx1 is directed into the intermembrane space, we visually inspected the N-terminal sequence of Prx1, and we found a motif that resembles a cleavage site that could be recognized by Imp2 (Fig. 3A) . However, it is not possible at this moment to define a consensus sequence for Imp2, as the only substrate identified so far for this protease is Cyc1 (31) . The presence of an alanine at position Ϫ1 and of a small uncharged or small polar residue at position Ϫ3 relative to the cleavage site is required for Imp2 to hydrolyze Cyc1 (42) . Nevertheless, the absence of Prx1 in the supernatant of the mitochondrial subfractionation from the ⌬IMP2 strain indicated the involvement of the Imp2 protease in sorting Prx1 into the intermembrane space (Fig. 3B) .
To determine the cleavage site of Imp2 protease, we purified the Prx1 that was sorted into the intermembrane space and analyzed its molecular weight by mass spectrometry. The mass obtained was 26,918.92, which is consistent with the mass obtained for an isoform of a C-terminally His-tagged Prx1 starting at Ala-32 (Fig. 3C) .
Prx1 processed by Oct1 does not display an increased half-life in the mitochondrial matrix
The physiological meaning of the second proteolytic event following the MPP hydrolysis remains elusive. Nonetheless, Oct1 cleaves several unstable precursors that are generated by MPP into more stable proteins (29) .
It is well known that deletion of the OCT1 gene results in a respiratory deficiency due to the loss of mitochondrial DNA (Rho 0 ) (43) . Therefore, to properly control the effects of the absence of Oct1 in yeast cells, the OCT1 gene was transformed in the ⌬OCT1 background under the control of its endogenous promoter and terminator, thereby generating the ⌬OCT1 ϩ OCT1 strain.
To monitor the Prx1 stability, isolated mitochondria from ⌬OCT1 and ⌬OCT1 ϩ OCT1 yeast cells were analyzed at different time points. Porin, an integral mitochondrial outer membrane protein that is not an Oct1 substrate, was analyzed as a control. Prx1 was equally stable in isolated mitochondria from ⌬OCT1 and ⌬OCT1 ϩ OCT1 yeast cells (Fig. 4) . However, Prx1 degradation rate was considerably faster than the corresponding rate for porin (Fig. 4) . These results indicated that hydrolysis by Oct1 does not stabilize Prx1 into the mitochondria at least in our experimental conditions.
We also compared the peroxidase activities of the intermediate and mature forms of Prx1 in vitro by producing the following two recombinant forms of Prx1: Prx1F31 (representing the protein cleaved by MPP but unprocessed by Oct1) and Prx1K39 (representing the protein processed by MPP and Oct1). The thioredoxin-dependent peroxidase activity of Prx1 was determined spectrophotometrically by a coupled assay that monitored the disappearance of NADPH at 340 nm using different H 2 O 2 concentrations and fixed concentrations of Trx3 (direct reductant) and Trr2. Both isoforms displayed similar specificity constants (k cat /K m, H2O2 ) for the H 2 O 2 reduction (Table 1 and supplemental Fig. S2 ).
Mammalian mitochondrial Prx3 is processed by Oct1 from yeast
Mammalian mitochondria have two Prxs, i.e. Prx3 and Prx5. Although Prx3 is restricted to the mitochondria, Prx5 is also found in other compartments, including peroxisomes and the cytosol. Because Prx3 is present in the matrix at high concentrations and rapidly reacts with H 2 O 2 , it has been proposed to be a major sink for H 2 O 2 within the mitochondria, whereas Prx5 can contribute to the same process in a more discrete manner (7, 44) .
Based on previous studies that experimentally determined the N-terminal sequences of mammalian proteins (7, 45), we analyzed the N-terminal sequences of the two mammalian mitochondrial Prxs, and according to the Oct1 consensus motif (Fig. 5A) , the most conserved amino acid residue at position Ϫ8 is a Phe in Prx3 (Fig. 5B) . Furthermore, Ser and Thr residues are frequently found at positions Ϫ5, Ϫ6, and Ϫ7 (Fig. 5A) and are also present in the amino acid sequence of Prx3 (Fig. 5B) . Furthermore, these features are conserved among mammalian Prx3 (Fig. 5C ), indicating that these enzymes are processed by Oct1.
To test this hypothesis, we transformed the WT and ⌬OCT1 yeast strains with a plasmid expressing human mitochondrial Prx3. Prx3 from the ⌬OCT1 strain exhibited a slower migrating band, indicating a higher molecular weight than the corresponding protein band from the WT strain (Fig. 5D) . Thus, Oct1 from yeast is able to cleave human mitochondrial Prx3, indicating that this process is conserved throughout evolution. As yeast Prx1, the levels of human Prx3 in the ⌬OCT1 strain were the same as those in the ⌬OCT1 ϩ OCT1 strain (Fig. 5E ).
Discussion
Mitochondrial dysfunction is associated with multiple degenerative or acute diseases and aging (46, 47) . Understanding how compartmentalization affects the malfunctioning of mitochondrial processes is a challenge (48) . Impairments in the mitochondria can be related to oxidative insults as this organelle is a major source of H 2 O 2 in cells, but not much is known about the functional role of Prx1 in maintaining the mitochon- Table  2 for strains and genotypes. C, mass spectrometry analysis of Prx1 sorted into the intermembrane space. C-terminal His-tagged Prx1 expressed in the ⌬PRX1 strain was purified by nickel affinity chromatography. The obtained mass was 26918.92, which was consistent with the incorporation of three oxygen atoms to the Prx1 polypeptide. The insets depict the corresponding reverse phase chromatogram. The red and black lines correspond to UV chromatogram at 280 and 254 nm, respectively. The scheme at the right side of the mass spectrum represents the cleavage site. These results are representative of at least two independent biological replicates, each one in two technical replicates. See Table 2 for strains and genotypes.
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drial redox homeostasis at the distinct organellar subcompartments. Here, we describe that Prx1 is located in the following two submitochondrial compartments: the matrix and intermembrane space.
In the first case, Prx1 is peripherally attached to the mitochondrial inner membrane from the matrix side along with Trr2 and Trx3 proteins. The Trr2, Trx3, and Prx1 co-localization might suggest a possible in vivo interaction among these three proteins during H 2 O 2 reduction. However, it is currently premature to assume that the mitochondrial Trx system is responsible for the reduction of Prx1-SOH because the possible mechanisms underlying these processes are controversial, and several reductants have been proposed to be involved (16 -20) .
The matrix localization of Prx1 is dependent on Oct1, but not much is known about this protease and its physiological significance. A global analysis of the N-proteome of yeast mitochondria indicated that Oct1 processes Prx1 after the MPP proteolysis, and consequently, the mature Prx1 sequence starts at Lys-39 (27) rather than at Gln-21 as was previously considered (16) . Through a mass spectrometry analysis, we unequivocally demonstrated here that Oct1 cleaved Prx1 in vivo and that the Prx1 mature form initiates from Lys-39. Therefore, this observation challenged previous investigations, which considered that the mature form of Prx1 would start at Gln-21 and, therefore, contain Cys-38. Some observations indicated that an intermolecular disulfide bond at Cys-38 would be formed in vitro (16) and in vivo (19) . A possible mechanism to reconcile these observations is that Cys-38 might have a regulatory role during the import of Prx1 into the yeast mitochondria and is then removed in the mature form. The proteolysis of Prx1 by Oct1 does not appear to be affected by Cys-38; however, this residue may participate in other steps of the import process. For instance, the cytosolic thioredoxin system facilitates the import of some proteins into the intermembrane space by keeping them in their reduced state (49) .
In the absence of Oct1, deleterious effects associated with mitochondrial DNA loss (rho 0 ) arise in ⌬OCT1 cells, generating a respiratory-deficient phenotype (43, 50) . Besides Prx1, other Oct1 substrates play a role to ameliorate stressful conditions, helping to stabilize the mitochondrial functioning. For instance, some of the Oct1 substrates are components of the mitochondrial genetic system (Mrps28, Mrp21, Rim1, Tuf1, and Rms24), and their decreased levels in ⌬OCT1 cells likely affect protein translation in this organelle. Furthermore, other Oct1 substrates participate in the Krebs cycle and the mitochondrial respiratory chain; therefore, OCT1 inactivation likely increases the leakage of electrons and, consequently, augments mROS production.
There is a functional interaction between Oct1 and Yfh1, whose human ortholog is frataxin (51) . Patients with a recessive autosomal mutation in frataxin gene display a progressive loss of movements, cardiomyopathy, and diabetes, which combined is a clinical condition called Friedreich's ataxia (52) . The molecular mechanisms involved in Friedreich's ataxia include a mitochondrial iron accumulation, followed by an increase in hydroxyl radical generation. Accordingly, lack of Yfh1 results in iron accumulation in yeast mitochondria (53) (54) (55) (56) . Remarkably, the ⌬OCT1 mutant presented an opposed effect, reduction in mitochondrial iron levels (57) . Furthermore, high expression of the YFH1 gene partially complements the respiratory-deficient phenotype of a yeast strain expressing a thermal-sensitive allele of OCT1 (57) . At this moment, the mechanisms underlying the functional interaction between Oct1 and Yfh1 are not known but probably involve mitochondrial iron metabolism. Nevertheless, Oct1 is required for the maturation of several ironcontaining proteins in the mitochondria (57) .
Remarkably, yeast Oct1 can cleave human Prx3, indicating that the processing of mitochondrial peroxiredoxins is highly conserved. Indeed, the consensus sequence is also conserved across mammalian Prxs. Therefore, it is tempting to speculate that HMIP (human Oct1 ortholog) and human mitochondrial peroxiredoxins contribute to the functional effects of frataxin deficiency and the clinical manifestations of Friedreich's ataxia.
An additional contribution of this work is the demonstration that Prx1 presents a double localization as it is also present in the intermembrane space in a process that is mediated by Imp2. Imp2 is one of the two catalytic subunits of the mitochondrial IMP complex that recognizes hydrophobic sorting motifs in the mitochondrial precursor proteins, thereby releasing the mature proteins into the intermembrane space after proteolysis (31, 32) . Six substrates of the IMP complex have been identified in yeast (Cox2, Mcr1, Gut2, Cyb2, Ptc5, and Mgr2) and five are cleaved by Imp1, whereas only Cyc1 was shown to be processed by Imp2 thus far (58) . Currently, a prediction of the IMP cleavage site in the client proteins is premature. Our mass spectrom- Table 2 for strains and genotypes. Table 1 Thioredoxin-dependent peroxidase activity of processed (Prx1K39) and unprocessed (Prx1F31) Prx1 by Oct1 protease
The rates were monitored by decreases in absorbance due to the oxidation of NADPH in a reaction mixture containing 200 M NADPH, 0.1 M Trr2, 5 M Trx3, 5 M peroxiredoxin, and 100 M DTPA. Assays were carried out at 37°C. H 2 O 2 concentrations ranged from 10 to 500 M. Therefore, the specificity constant is apparent for H 2 O 2 . All recombinant proteins are His-tagged proteins. These enzymatic parameters were calculated from three independent biological replicates, each in three technical replicates. Average and standard deviations were calculated using the GraphPad Prism 6 Software (GraphPad Software, Inc.) by non-linear regression (Michaelis-Menten equation). (23) . Amino acid frequency blots were generated using the WebLogo program. B, schematic representation of the amino acids in the N terminus of the human mitochondrial peroxiredoxins Prx5 and Prx3. The possible octapeptides that could be cleaved by Oct1 are highlighted. C, alignment of the N-terminal amino acid sequence of Prx3 from mammals. Arrows indicate the likely cleavage sites by MPP and Oct1 proteases. D, total cell-free extracts from the wild-type (WT) and OCT1 null mutant (⌬OCT1) expressing the non-tagged human Prx3. An upper band with lower intensity was observed only in the ⌬OCT1 strain, whose meaning is unknown. Possibly an artifactual intermolecular disulfide Prx3 was generated in the denaturing conditions of the SDS-PAGE. E, stability of Prx3 in mitochondria isolated from ⌬OCT1 and ⌬OCT1 ϩ OCT1 (re-expressing the OCT1 gene) yeast cells. These results are representative of at least two independent biological replicates, each one in two technical replicates. See Table 2 for strains and genotypes.
etry analysis contributes to the understanding of IMP complex, showing that the Prx1 that is processed by Imp2 starts at Ala-32. Thus, the Prx1 cleavage site contains lysine, phenylalanine, and alanine at positions Ϫ3, Ϫ1, and ϩ1, respectively, indicating a distinct selectivity in relation to Cyc1 (42) . The identification of more substrates of the IMP complex is required to establish a consensus sequence. It is likely that following the lateral release of Prx1 preprotein into the inner membrane, the presequence is removed by Imp2 protease and does not require MPP hydrolysis. A similar mechanism occurs in Cox2 and Mcr1, which are cleaved in a single step at the outer face of the inner membrane and require Som1 for maturation (32, 59, 60) .
Corroborating our findings, an isoform of Prx1 starting at residue Ala-32 was found in the N-proteome of yeast mitochondria (27) . However, Prx1 that starts at Lys-39 (located in the mitochondrial matrix) was more frequently found than the Prx1 that starts at Ala-32. It is likely that during translocation by the Tim23 complex, the Prx1 precursor can be preferentially imported toward the matrix with a few molecules of Prx1 being laterally released into the inner membrane. This hypothesis is consistent with the small size of the hydrophobic sorting signal that is present in the Prx1 presequence and is responsible for arresting the translocation by the Tim23 complex. Alternatively, the concentration of Prx1 in the matrix and intermembrane space could be the same, but because the volume of the intermembrane space is considerably lower than that of the matrix, more molecules of Prx1 could be found in the latter compartment (1).
The intermembrane space is known to be an oxidative compartment, which is appropriate for disulfide bond formation (1) . Although the repertoire of antioxidant enzymes in the mitochondrial matrix is well characterized, the set of antioxidant enzymes in the intermembrane remains poorly defined. Some of the antioxidants described in this compartment include glutathione, cytochrome c peroxidase (Ccp1), and superoxide dismutase (Sod1) (61) . Recently, glutathione peroxidase 3 (Gpx3) was also found in this mitochondrial compartment (62) . Currently, the Prx1 reductant in the intermembrane space remains to be identified, and a possible candidate could be the Trx system as Trx1 and Trr1 were identified in a proteomic study (63) .
The mammalian IMP2 gene could complement the ⌬IMP2 mutant yeast (64, 65) . Mutations in the mammalian homolog of Imp2, IMMP2L, have been implicated in the pathogenesis of Tourette syndrome (66, 67) . Therefore, Prx1 is a novel example of a protein that is encoded by a single gene but is transported to two different locations within the same organelle in vivo. The transport of this peroxiredoxin through distinct mitochondrial subcompartments is likely relevant as they are conserved in mammalian cells and are implicated in pathological processes.
Experimental procedures
Yeast strains
The genotypes and sources of yeast strains used in this study are listed in Table 2 
Plasmid and strain constructions
For the generation of a yeast strain expressing a C-terminally His-tagged Prx1, the PRX1-coding sequence was amplified from the genomic DNA with the primers Prx1His-F 5Ј-TCAGGATCCATGTTTAGTAGAATTTGTAGC-3Ј and Prx1His-R 5Ј-TCAGTCGACTTAATGGTGATGGTGATG-GTGACCACCACCTTTCGACTTGGTGAATCTTAA-3Ј. The purified PCR product with 831 bp was digested with BamHI and SalI and cloned into YEp531 (68) carrying the constitutive TEF1 promoter that was previously cloned as a SacI-BamHI insert. The recombinant plasmid called Yep351TEF/PRX1His was used to transform the ⌬PRX1 strain.
For the generation of a yeast strain expressing a C-terminally HA-tagged Trr2, ϳ500 bp of the 5Ј-UTR plus the TRR2-coding sequence minus the termination codon was amplified from the genomic DNA with the primers Trr2 5Ј-TGGATC-CTATTTCTTGAACCCAACTTGAAGGC-3Ј and Trr2HA 5Ј-TTAAAGCTTTCAAGCGTAGTCTGGGACGTCGT-ATGGGTACTCTTGGGCACTTAGGTACCGTTC-3Ј. The purified PCR product with 1609 bp was digested with BamHI and PstI and cloned into YCplac111 (69) to yield Ycplac111/ TRR2HA, which was used to transform the ⌬TRR2 strain.
For the re-expression of OCT1 into the ⌬OCT1 background, the yeast cells were transformed with the plasmid pRS413/OCT1, which was kindly provided by Chris Meis- 
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inger (University of Freiburg, Germany). Alternatively, the open reading frame, which included the endogenous promoter and terminator regions, was cloned into YCplac111 (69) to yield Ycplac111/OCT1. For the generation of a yeast strain expressing Prx1C38S or Prx1C91S, PRX1 was amplified from the genomic DNA with the primers Prx1F 5Ј-TGAGCTCTCAAAGAAGAAGAAT-TATGGGCAT-3Ј and Prx1R 5Ј-GGCCTGCAGAGTTTAT-TACATGCATTTTCATAT-3Ј. The purified PCR product with 1477 bp was digest with SacI and PstI and cloned into YCplac111 (69) to yield Ycplac111/PRX1. Ycplac111/PRX1 was used as a template for the site-directed mutagenesis (QuikChange XL site-directed mutagenesis kit; Agilent Technologies).
To construct strains expressing the human mitochondrial peroxiredoxin Prx3, PRX3 was commercially synthesized by GenScript USA, Inc., and was cloned into pRS413. The pRS413/ PRX3 recombinant plasmid, containing the coding sequence PRX3 under the constitutive TEF1 promoter control, was used to transform the yeast cells.
Isolation of highly pure mitochondria
Mitochondria were isolated from yeast cells grown at 30°C on fermentable YPGal medium as described above. The cells were harvested at an optical density of 1.5-2, and the mitochondria were isolated by differential centrifugation as described previously (70) . Spheroplasts were prepared by the enzymatic digestion of the cell wall using Zymolyase-20T (MPBiomedicals, Irvine, CA) at 3 mg of Zymolyase/g wet weight. The formation of spheroplasts was monitored by the absorbance of the yeast suspension prior to and following the Zymolyase treatment. The crude mitochondrial fraction was resuspended in an SEM buffer (250 mM sucrose, 1 mM EDTA, and 10 mM MOPS-KOH, pH 7.2) to a final concentration of 10 mg of protein/ml. To obtain highly pure mitochondria, the crude mitochondrial fraction was loaded onto a three-step sucrose gradient (1.5 ml 60%, 4 ml 32%, 1.5 ml 23%, and 1.5 ml 15% sucrose in an EM buffer containing 1 mM EDTA and 10 mM MOPS/KOH, pH 7.2) (70). The purity of the isolated mitochondria was assessed by immunoblotting using various cellular marker proteins.
Submitochondrial fractionation
Highly pure mitochondria (0.4 mg of protein) were initially suspended in 210 l of the SEM buffer or 210 l of the hypotonic buffer (10 mM MOPS/KOH, pH 7.2) in the absence or presence of 0.1 mg/ml proteinase K. The samples were then incubated on ice for 1 h. In this step, the hypotonic buffer induces the rupture (swelling) of the outer membrane, converting the mitochondria into mitoplasts. Thus, proteinase K degrades the proteins that are released from intermembrane space and those associated with the inner membrane facing the intermembrane space. The reactions were stopped by the addition of 10 l of 50 mM PMSF, followed by centrifugation for 30 min at 4°C and 20,000 ϫ g. The supernatant was collected, and the pellet was suspended in 100 l of the SEM buffer. Both the pellet and supernatant were then precipitated by the addition of 10 l of 50% trichloroacetic acid (TCA), followed by centrifugation for 10 min at 4°C and 20,000 ϫ g. The proteins were solubilized in Laemmli buffer, separated by SDS-PAGE, and analyzed by Western blotting using antibodies against marker proteins for the distinct mitochondrial subcompartments and against Prx1, Trx3, and Trr2.
To remove the peripherally associated proteins from the mitochondrial membranes, 200 l of mitochondria at a 10 mg/ml concentration were sonicated for 10 s in a Sonics VibraCell VCX 130, followed by centrifugation for 1 h at 4°C and 30,000 ϫ g. The supernatant was collected, and the pellet was resuspended in 200 l of the SEM buffer. The pellet fraction was then extracted with alkaline Na 2 CO 3 at a final concentration of 100 mM and centrifuged for 1 h at 4°C and 30,000 ϫ g. The supernatant was collected, and the pellet was resuspended in 200 l of the SEM buffer. All samples were then analyzed by SDS-PAGE and Western blotting.
Susceptibility of Prx1 degradation by proteinase K
The susceptibility of native mitochondrial Prx1 to externally added proteinase K was performed as follows: 40 l of mitochondria at a 10 mg/ml concentration were suspended in 210 l of the hypotonic buffer (10 mM MOPS/KOH, pH 7.2) and incubated on ice for 1 h. The suspension was centrifuged at 20,000 ϫ g, at 4°C for 30 min. The supernatant was collected, and the pellet consisting of mitoplasts was suspended in the starting volume of the SEM buffer. The samples were treated on ice for 1 h with 0.2 mg/ml proteinase K (twice the concentration in the standard conditions) in the presence or absence of 0.5% (v/v) Triton X-100. After incubation, the proteinase K-treated and -untreated samples were dissolved in Laemmli buffer, separated by SDS-PAGE, and analyzed by Western blotting.
Alternatively, the accessibility of recombinant Prx1 to proteinase K degradation was performed as follows. Recombinant Prx1 isoforms (Prx1K39 and Prx1F31) (10 g) were incubated for 1 h on ice with proteinase K (0.2 mg/ml) in the absence or presence of 0.5% (v/v) Triton X-100. The protease activity was heat-inactivated (5 min at 95°C), and protein content was analyzed using SDS-PAGE and Western blotting.
Stabilities of mitochondrial proteins
The stabilities of mitochondrial proteins were analyzed as described previously (27) . Briefly, isolated mitochondria (0.2 mg of protein) were solubilized in 200 l of the SEM buffer and incubated at 37°C. The samples were collected at various time points, and the mitochondria were pelleted by centrifugation, resuspended in Laemmli buffer, and analyzed by SDS-PAGE and immunoblotting.
Assay of enzymatic activities
The peroxidase activities of both Prx1 isoforms (Prx1K39 and Prx1F31) were spectrophotometrically determined by the thioredoxin system coupled assay, following the disappearance of the NADPH absorbance at 340 nm (17) . The standard reaction mixture contained 50 mM HEPES, pH 7. Dual mitochondrial localization of Prx1 were produced as described before (35) , and they are N-terminally His-tagged proteins. Enzymatic parameters were determined by non-linear regression (Michaelis-Menten equation), employing the GraphPad Prism 6 software (GraphPad Software, Inc.).
Prx1 purification and mass spectrometry analysis
Mitochondria were isolated from yeast cells expressing a C-terminally His-tagged Prx1. The mitochondria (40 mg of protein) were divided into aliquots of 0.8 mg of protein and converted to mitoplasts by incubation with 420 l of the hypotonic buffer (10 mM MOPS/KOH, pH 7.2) for 1 h at 4°C. The samples were centrifuged for 30 min at 4°C and 20,000 ϫ g. The supernatant, containing the intermembrane space proteins, was collected and mixed with the purification buffer (500 mM NaCl, 20 mM sodium phosphate buffer, pH 7.4, and 10 mM imidazole). The pellets (mitoplasts) were resuspended in the purification buffer, and the Prx1 that was weakly associated with the mitochondrial inner membrane was extracted by the addition of 1% of Triton X-100, followed by incubation for 30 min at 4°C with vigorous shaking. C-terminally His-tagged Prx1 of both compartments (intermembrane space and matrix) was purified by nickel affinity chromatography using nickelnitrilotriacetic acid-agarose column (Qiagen). The purity of the purified proteins was ascertained by SDS-PAGE. The proteins were analyzed by mass spectrometry in a UHR-ESI-Q-TOF-MS from Bruker Daltonics MaXis 3G (Bruker, Billerica, MA) in the positive mode coupled with an HPLC system from Shimadzy CBM-20A (Tokyo, Japan).
Miscellaneous procedures
Proteins were separated by SDS-PAGE on different concentrations of polyacrylamide and transferred to nitrocellulose membranes (Amersham Biosciences TM Protran TM Premium, GE Healthcare). The membranes were probed with primary antibodies (Table 3) against the appropriate proteins, followed by a second reaction with secondary antibodies conjugated to horseradish peroxidase. Proteins were detected with the ECL TM prime Western blotting detection reagent (GE Healthcare). The protein concentrations were estimated by the method proposed by Bradford (71) . The antibodies utilized were either commercially acquired or produced in 2-monthold male rabbits in the Animal Care Facility of the Butantan Institute. Anti-Cyt.b 2 , anti-␣KGD, and anti-Sco1 were kindly provided by Dr. A. Tzagoloff (Columbia University). For more details, please see Table 3 . 
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